Poly (acrylic acid) [PAA]-based aircraft de-icing fluids are widely used commercially but are known to be subject to the formation of insoluble gel particles within wing structures. In this study, the rheological effects of the sodium chloride, potassium formate, and calcium acetate with commercially used PAA-based fluids are reported across the temperature range of −15 to 15 °C. Calcium ions have the potential to create gel particles, reflected in the shifts in the viscositytemperature profile, while PAA aggregation is influenced by the concentrations and compositions of sodium and potassium salts in the water used for dilution. From the data presented, it is possible to create de-icing fluid formulations with the necessary rheological characteristics from stock solutions by dilution using available water sources, providing that the ion concentration is known.
Introduction
In a previous paper [1] , the effects of varying NaCl concentrations on the viscosity profiles for poly (acrylic acid) [PAA]/water/glycol/salt mixtures were reported, in which it was found that a maximum in the shear viscosity at approximately 0 °C corresponded to an optimal liquid for de-icing applications. Ice build-up on aircrafts arises when the temperature falls below 0 °C on cold surfaces, particularly after long flights at high altitude or during re-fueling in the presence of high humidity. The presence of ice on wings influences the aerodynamic efficiency of the ailerons and influences performance both during and after take-off. The recommendations in relation to de-icing and antiicing of aircrafts are summarized in the Association of European Airlines and United States directives [2] [3] [4] . The formation of insoluble gel deposits on control surfaces and beneath ailerons is a consequential problem of airport and aircraft de-icing [5, 6] . In this paper, we explore the effects of calcium and potassium ions on the viscosity characteristics of commercially used PAA mixtures and on the ability to form a gel phase. This can occur through the preparation and application of the deicing fluid either by dilution and mixing of stock solutions with local water supplies, or by way of contamination with residues deposited under the wings from runway de-icing fluids. Gel formation may possess potential undesirable rheological characteristics.
The aircraft de-icing process involves the application of shear-thinning non-Newtonian fluids at approximately 60 °C in order to disperse ice and deposit a liquid layer, which is shed during take-off due to the high shear caused by air movement over the surface on which fluid has been applied. The fluid requires an adequate viscosity to stay on the flight surfaces whilst the aircraft is on stand or taxiing at low speed, but must be rapidly shed during the initial stages of (high speed) take-off. There are cases of aircrafts, however, that have been prone to a build-up of gel deposits around the ailerons when operated for prolonged periods in inclement weather [5, 6] and have been associated with a number of incidents [6] [7] [8] [9] [10] [11] [12] . The loss of flight control is often associated with insoluble PAA gel residues around bearings beneath the wings [6] [7] [8] [9] [10] [11] [12] . Runway de-icing usually involves aqueous mixtures of sodium and potassium ethanoate salts. These mixtures are used in extreme conditions and have been the subject of environmental concerns [13] [14] [15] . A number of alternative formulations have been proposed based on glucoside, ethoxy, and protein structures, which, in combination with various inorganic salts, depress the freezing point of water [4, 16] . Such formulations have been developed to reduce the biological oxygen demand (BOD) of the waste water run-off. These fluids are not normally used for aircraft de-icing.
Depending on the severity of the weather, particular types of de-icing are recommended. Deicing fluids normally consist of propylene glycol/water mixtures for the purpose of depressing the freezing point. Poly (acrylic acid) provides the desired thickening characteristics to enable the fluids to settle on the aircraft surface under low shear conditions, such as standing or taxiing, and to flow off easily when the air shear increases during take-off. De-icing fluids are normally produced with a neutral pH of 7.0. An inert electrolyte such as sodium chloride is added to reduce the viscosity and allow easy dispersion, while retaining the ability to be easily removed when the air velocity is increased during take-off.
A Type I fluid is used for straightforward de-icing and is usually based on a mixture of ethylene glycol or 1,2-propylene glycol, water, corrosion inhibitors, surfactants, and pH regulators. The deicing fluid is sprayed onto an aircraft surface at between 65 to 80 °C [17, 18] . The period of time over which ice formation is suppressed, known as the hold-over time, is relatively short, and is around three minutes in freezing rain and 20 min in frost-forming conditions. For longer hold-over times, a two-step de-icing process is often used, which involves the use of a Type I fluid followed by application of other types of fluids known as Type II, III, or IV fluids [19] [20] [21] . With appropriate thickening agents, hold-over times of 30 min for a Type II fluid in freezing rain and 240 min in frostforming conditions are prescribed by the Association of European Airlines (AEA) [2, 9] . While ethylene glycol is potentially harmful to both humans and animals, it does have many desirable characteristics. Propylene glycol, on the other hand, has a lower toxicity and is usually used as a base for most formulations. The melting point of aqueous mixtures of propylene glycol containing 40% glycol is −5 °C, and is lowered to −25 °C for fluids containing 50% glycol, and lowered further still to −60 °C for fluids containing 60% glycol. The viscosities of the fluids at these low temperatures, however, are too high to be considered to be of practical use. For operation below −32 °C, ethylene glycol is required, although 1,3-propylene glycol is considered to be a more environmentally acceptable fluid [22] .
Previous studies have shown that the addition of calcium ions to PAA-thickened fluids can lead to the formation of a gel-like precipitate [22] [23] [24] [25] [26] . Calcium ions may be present in water supplies commonly used to dilute the de-icing fluids prior to their use. Dilution of the de-icing fluid with hard water or its interaction with runway de-icing fluids which contain potassium formate are thought to be factors which influence gel formation. The calcium ion content in ground water can vary from below concentrations of 60 mg L −1 to in excess of 200 mg L −1 . Sodium and potassium ion concentrations, which increase with water hardness, can also influence the nature of the PAA in solutions by influencing the inter-polymer interactions of PAA in aqueous solutions which, in turn, influence its effective size and hence rheological properties in solution. Sodium chloride has been identified as having toxicological effects on sparrows and has raised concerns in relation to airport waste [23] .
At high dilutions, most of the carboxylic acid groups of PAA ionize, and their mutual repulsion dictates the size of the polymer chain. As the polymer concentration increases, the extent to which the carboxylic groups on the macromolecular chain are dissociated decrease, changing the effective size of the polymer. Changes in pH also influence the conformations and sizes of polymer molecules. For a polyelectrolyte system, the change in polymer interactions leads to significant changes in the rheological characteristics of the fluids [1, [24] [25] [26] [27] .
Significant effects on the temperature dependence of the viscosity and wind tunnel behavior arise with the variation of the concentration of a monovalent electrolyte when added to PAAcontaining fluids [28] [29] [30] [31] [32] . The hydrodynamic volume and polymer flexibility can be influenced by interactions of monovalent cations with the carboxylic acid groups of PAA, forming ladder-type complexes with themselves [24] . The aim of this investigation is therefore to examine the sensitivity of PAA-thickened de-icing fluids to the addition of mono-and bivalent cations thought to be responsible for the formation of the insoluble gel particles, and typically encountered in the preparation of de-icing fluids by dilution of available water sources, for aiding guidelines for the design of de-icing fluids or understanding the effects of de-icing fluid preparation.
Materials and Methods

Materials and Sample Preparation
Poly (acrylic acid) polymer was obtained as flocculated solid particles with approximate diameters of 0.2 m from Lubrizol (Brussels, Belgium) and of nominal molar mass of 4 MDa. Dispersion of the polymer was achieved using a Silverson L4R high shear mixer placed in a 1.0 L beaker containing 600 g of de-ionized water and operated at 4800 rpm for 5 min, after which the rotation speed was reduced to 3600 rpm and continuously stirred for a further 55 min. At a polymer concentration of 1.22 g dL −1 , a 'gel-like' dispersion was produced.
Rheology Measurements
A shear stress-controlled Carri-Med CSL 2 500 rheometer (TA Instruments, Crawley, UK) using a 4 cm diameter parallel plate fitted with a solvent trap was used for the viscosity measurements. The temperature was maintained using a Peltier effect controller combined with an anti-freezing bath maintained at 0 °C, enabling temperatures between 15 and −15 C to be achieved. For the experiments in which the temperature was decreased, a cooling rate of 1.0 °C per two minutes from 15 to −15 C was used, followed by heating up to a temperature of 15 °C. Measurements were performed at shear stresses of 5 and 10 Pa. All tests were repeated and found to provide excellent reproducibility. Tests for thixotropy using stress sweeps were outside the scope of this study, since the purpose of de-icing fluids is to adhere to a surface and have the ability to be removed at the point of take-off.
Test of the Gelation Characteristics of PAA Mixtures
A form of PAA, known as Carbomer A, with a nominal molecular weight of 4 MDa was used in this study. Commercially available Carbomer is available in a range of molecular weights and branched contents, and may contain vinyl pentearythritol if branched. During the drying process, it can form anhydride crosslinks, which can increase the rigidity of the backbone and increase the molecular weight.
In this study, a base fluid was used, which comprised a 50:50 (wt/wt) mono-propylene glycol/water mixture thickened with 0.30 g dL −1 of Carbomer A with the addition of 0.060 wt% NaCl. A concentration of Carbomer A of 0.30 g dL -1 had been previously found using wind tunnel testing to have the desired characteristics for a de-icing fluid [1] . Various diluting agents involving artificial hard water, containing Ca 2+ 400 ± 5 mg L −1 and Mg 2+ 280 ± 5 mg L −1 , were formulated by dissolving calcium acetate and sodium chloride in de-ionized water. The parent fluid was then diluted to achieve concentrations of 75 and 50 wt%. The Carbomer A-thickened fluid was prepared using the standard procedure, and potassium formate added to replace-or partly replace-the sodium chloride. Solutions were prepared with various Carbomer A concentrations. The corresponding salt concentrations are shown in Table 1 and Table 2 , respectively. 
Results
Intrinsic Viscosity Measurements
The intrinsic viscosity of Carbomer A was measured using a Ubbelohde suspended level viscometer, with the viscometer being cleaned prior to use by washing with nitric acid and rinsing with de-ionized water. The Carbomer A was dispersed in de-ionized water and left to dissolve for five days. The initial concentration was 0.0891 g dL −1 , and a series of solutions with different concentrations were prepared using 0.012 M solution of neutral NaCl. Using the Mark-Houwink coefficient values from literature [33] [34] [35] , the Mn was calculated to be 3.86 × 10 6 g mol −1 for the polymer chain adopting an extended conformation.
Concentration Dependence of Viscosity for Carbomer A
Measurements of the concentration dependence on viscosity for Carbomer A are shown in Figure 1 . The relative viscosity profile forms two distinct regions, where at low concentrations below 2.1 × 10 −2 g dL −1 , the polymer behaves as an isolated chain, whereas above this value, polymerpolymer interactions are evident. The viscosity is relative to an arbitrary shear rate of 10 −6 s −1 . We have previously shown that the shear rate dependence of solutions above 2.1 × 10 −2 g dL −1 can be modelled using a modified form of the reptation model [1] .
Figure 1. Relative viscosity with Carbomer A concentrations at 15 C.
A feature of thickened de-icing fluids is the dynamic yield shear stress. The yield stresses of viscoplastic materials are well documented [36, 37] , and are often found in concentrated suspensions and fluids containing particles of colloidal size. Figure 2 shows that the gradient for a Carbomer A concentration of 0.241 g dL −1 changes at a viscosity of approximately 10 4 Pa·s and a stress of approximately 1 to 2 Pa. When the concentration is reduced to 0.1608 g dL −1 , the critical point is lowered to a viscosity of 1.5 × 10 3 and a stress of approximately 0.9 to 1.5 Pa. Further reducing the polymer concentration to 0.1072 g dL −1 lowers the critical viscosity to 2 × 10 2 Pa·s and the critical stress to between 0.3 and 0.45 Pa. Decreasing the polymer concentration to 0.0804 g dL -1 reverses the effect, with an increased critical value of 5 × 10 2 Pa·s and a stress level of 0.02 to 0.03 Pa. Further reducing the concentration to 0.0536 g dL −1 lowers the viscosity to approximately 1.5 Pa·s and the stress to 0.015 Pa. For lower concentrations, there is no change of viscosity when the shear stress level is increased. Table 1 .
The implication is that as the aircraft initiates its take-off, the shear stress increases over the exposed surfaces, leading to the removal of the de-icing fluid ice as the air flow increases.
Influence of Salt
De-icing fluids are typically prepared as glycol/water mixtures where, prior to usage, they are diluted by 75% or 50% of their initial concentration by the addition of water. The level of hardness of the water avialable for use in the dilution process is dependent on the presence of dissolved minerals: Soft water has a concentration of up to 60 mg L −1 , while moderately hard water ranges from 61 to 120 mg L −1 . Hard water ranges from 121 to 180 mg L −1 , while very hard water is in excess of 181 mg L −1 . In general, Ca 2+ and Mg 2+ ions are the dominant species.
The presence of calcium ions is thought to be a contributor to insoluble gel formation in the under-wing areas of aircraft. A series of titration tests were therefore carried out using 0.2 M calcium acetate to determine the critical concentration required to induce complex formation and the generation of insoluble precipitates. As the calcium ion content gradually increased, the appearance of the fluid changed from clear (phase I) to slight cloudy but without the formation of visible precipitates (phase II), and then to a cloudy liquid with a visible precipitate forming at the bottom of the container (phase III), and, finally, total phase separation with a clear layer of liquid separating from the precipitated gel layer (phase IV). The critical calcium ion concentrations at which the transition between phases were found to occur were found to be 103.9 mg L −1 between phases I and II, 152 mg L −1 between phases II and III, and 430.8 mg L −1 between phases III and IV.
A base fluid was formed from Carbomer A at a concentration of 0.3 g dL −1 , with 0.060 wt% of sodium chloride dispersed in a 50:50 (wt/wt) mono-propylene glycol/water mixture and diluted with the above artificial diluents, the base fluid having first been diluted with de-ionized water (Figure 3 ). While the diluted and undiluted base fluids exhibited lower viscosity profiles at a shear stress 10 Pa than at 5 Pa, the viscosity of the base fluid at 5 Pa rose continuously from approximately 0.43 Pa·s at 15 °C to 1.27 Pa·s at −15 °C. This viscosity profile is notably different from that of the base parent fluid in two major aspects: i) At 15 °C, the 75% dilution has a 60% lower viscosity, while at −15 °C, the viscosity is approximately twice that of its base parent fluid; and ii) the 75% dilution did not exhibit a viscosity 'peak' within the temperature range, whilst the viscosity of its parent fluid reached a peak value. Dilution therefore not only reduces the polymer concentration, which lowers the probability of polymer entanglement, but also reduces the level of electrolyte, which leads to changes in the chain conformation.
To explore the effects of the addition of calcium ions, measurements were performed in which the concentration of calcium ions was increased. Figure 4 illustrates that an increase in calcium ion concentration produces a decrease in the viscosity of the fluid. This is the result of divalent cations forming a bridge between neighboring carboxylic acid groups and thus promoting a gel formation. Dilution with 200 mg L −1 calcium ions lowers the viscosity from 0.81 to 0.39 Pa·s at 0 °C, and from 1.27 to 0.40 Pa·s at −15 °C. The viscosity level at this dilution changed insignificantly across the temperature range, which can be considered to be a desirable property. The general viscosity level, however, is considerably lower compared to the parent fluid and would be considered insufficient as a useful de-icing medium. By maintaining the calcium level at 50 mg L −1 , which falls between the typical high and low values of 40-80 mgL −1 found in water, and progressively increasing the sodium concentration to 100 mg L −1 and then to 200 mg L −1 , there is a decrease in the viscosity in the fluid across the temperature range ( Figure 5 ). While the presence of divalent cations is capable of producing insoluble precipitates, in this set of experiments, no visible precipitate was formed during the dilution process. It is possible that if these gels were to dry, the resulting precipitate would be difficult to re-dissolve. Changing the total salt concentration influences the chain conformation, and hence the rheology.
Potassium formate, used in the de-icing of runways, has a different ability to interact with water and with PAA by influencing the inter-polymer interactions of PAA in aqueous solutions. This influences its effective size, and thus the rheological properties. To explore the possible effects of the total salt concentration and the influence of sodium and potassium ion concentrations on the rheological properties, the viscosity and number of salt combinations were examined. For an applied shear stress of 5 Pa, the viscosity of the formulation with potassium formate (A1K) increased from approximately 1.15 Pa·s at 15 °C to a maximum value of 1.97 Pa·s at −3.1 °C, and then decreased to 1.45 Pa·s at −15 °C. The viscosity is considerably lower than for the same formulation but with sodium (A1N). The 'peak' locations for both fluids, however, appeared at nearly identical temperatures. The same phenomenon occurred when the shear stress was increased to 10 Pa. Similar behavior was also exhibited for samples with 0.060 wt% electrolyte addition (Figure 7 ). Since potassium is monovalent, it may be expected to have similar interactions with the polymer as sodium. It is known, however, to exhibit a different hydration energy, and therefore will have a different ability to interact with the carboxyl groups. The data presented in Figure 7 suggest that potassium ions have a greater ability to suppress the viscosity level compared to sodium ions. The location of the peak in the viscosity is slightly shifted to higher temperatures. A sample was prepared involving the partial replacement of the sodium chloride with potassium formate to contain a blend of 0.030 wt% of sodium ions and 0.045 wt% of potassium ions (A3K). This was compared to a sample containing 0.075 wt% of sodium (A3N) (Figure 8 ). A peak is again observed in the viscosity plot for A3K, but is located at a different temperature from that for A3N (containing only sodium ions). The peak in the viscosity plot is indicative of the dynamic characteristics of the polymer, and the shift reflects the way in which the replacement of sodium by potassium ions influences the aggregation, size, and shape of the PAA and its effective shear rate dependence.
The detection of a maximum in the viscosity and the related reduction in the temperature dependence of the viscosity is a necessary requirement for a de-icing fluid to be able to operate over an effective temperature range. -8 indicate a decreasing viscosity with increasing cation concentrations for the applied shear stress. There is also a shift in the peak temperature, although, importantly, the variation of viscosities across the temperature range remains low in all cases.
Discussion
Calcium, potassium, and sodium are known to interact with PAA (Carbomer A) polymers in various ways. The electrolytes can have two effects: They can shield the acid groups from interactions. The polymer molecules in the limit of complete shielding would appear like flexible polymer molecules. This would be the case for electrolytes which contains monovalent cations. In the case of bivalent cations, there is the possibility of the creation of bridges between acid groups in the polymers as well as adjacent polymers, enhancing interactions. Since potassium belongs to the same main group as sodium, it would be expected to behave similarly to sodium to shield the carboxyl groups. However, due to its larger ionic radius, the potassium cation has a greater binding power, and potassium formate demonstrates an increased ability to suppress the viscosity compared to sodium chloride.
Conductometric measurements [39] indicate that sodium ions exchange between bound and free states, in which one exchanges relatively quickly and is associated with ions lightly bound to the carboxylate groups, while the other is much slower and involves exchange of ions associated within the coiled polymer chain. The proportion of bound and free ions is influenced by pH and the total electrolyte concentration. Calcium ions can form bridges between chains where precipitation occurs if the concentration is sufficiently high [40, 41] . The point at which precipitation occurs depends on the concentration of NaCl, which influences the sizes and shapes of the polymer chains, as revealed by using light scattering. At lower NaCl concentrations, the polymer chains adopt a pearl necklacelike structure intermediate, but can collapse to a coil structure, which can be re-expanded by increasing the concentration of NaCl. The changes to the polymer shape and size reflect the effects of temperature on the distribution between bound and free ions [42] . Resonance Raman Scattering has shown that the sizes of the polymer chains change with pH and NaCl concentration, with the dimensions increasing and decreasing as a consequence of changes in external stimuli [43] . 
Pa
The observed maximum in the temperature dependence of the viscosity is a direct result of the distribution of cations bound to the polymer chain to those remaining in solution. In this paper, we were able to show that a maximum in the viscosity-temperature profile coincides with the rheological requirements for a good de-icing fluid. Combined with data from a previous study [1] , it is therefore possible to formulate some guidelines with regards to the design of a de-icing fluid:
1) The base liquid, which is usually a glycol, is required to have a melting characteristic which is lower than the lowest operational temperature for the fluid. Propylene glycol is more favorable than ethylene glycol from an environmental point of view, but is limited in terms of its low temperature performance [13, 15] . The viscosities of such mixtures at 0 °C and above are insufficient to maintain a stable ice covering prior to the aircraft taxiing, and are required to be thickened to achieve the desired rheological profile. The rheological effects of using ethylene glycol are not considered in this study.
2) The thickener, which is often poly(acrylic acid)-based, raises the viscosity at intermediate temperatures. Ideally, it should not significantly enhance the viscosity at the lowest temperatures. The de-icing fluid is required to be shear-thinning for removal during the initial stages of take-off. Above a concentration of 0.245 g dL −1 , association occurs between polymer molecules. The studies were performed at a concentration of 0.3 g dL −1 , as this had been found from the previous study to have the desired characteristics for a de-icing fluid [1] . At this concentration, the extended chains are able to create a transient network which shear-thins on application of the forces created during the initial acceleration of the aircraft during take-off.
3) The concentration of salt is dictated by its ability to interact with polyacrylic acid. If the pH of the solution is adjusted to around 7.0, the carboxylic groups will be partially ionized and become capable of interaction with the cations present in solution.
4) The addition of antioxidants and corrosion protection agents can also influence the gelation of the residues, and can therefore impact on the stability of the gel deposited in the ailerons and under wing areas, which are noted as being shielded from regions of high turbulence and shear. Similar temperature profiles have been obtained using polyvinylpyrrolidone-PAA mixtures stabilized with electrolytes and dispersed in water glycol mixtures, making them suitable candidates for de-icing fluid thickeners. 5) In the context of the possible effects which the sodium or potassium formate might have on the de-icing formations, the following comments can be made:
i) The monovalent cations can bind to the carboxyl groups of the polymer, but in doing so they create an ion pair which blocks the possibility of hydrogen bonding with the groups on the same molecule or between adjacent polymer molecules. The net effect is an inhibition of stable gel formation.
ii) The presence of the sodium or potassium formate will influence the ionic strength of the 'solution', and this normally has the effect of lowering the viscosity and hence inhibiting polymer-polymer interactions.
Conclusions
This study shows that there is temperature dependence associated with the shear rate of the viscosity of de-icing fluids and also influenced by the nature of the ions present in the water used in their dilution. There is a clear difference in viscosity-shear rate-temperature due to the strengths of interactions between monovalent sodium and potassium ions with the carboxylic acid groups on the PAA polymer. This will consequently influence the performance of the fluids. It is apparent that mixtures of sodium and potassium with the same ionic strength do not have the same ability to induce the same state of aggregation and structure in the polymers as when sodium chloride is used by itself. As would be expected, bivalent calcium ions are able to promote gel formation, which is reflected in the viscosity behavior. This raises a cautionary note on the effects of hard water dilution on the performance of the de-icing fluids. From this study of the effects of ion content in water used in the preparation of de-icing, it is therefore possible to propose guidelines for their design, providing that the ion content is known, to achieve the desired rheological properties.
